(ERG) was first recorded by Holmgren in 1865 (ZO), and it has proved to be a useful tool for studying retinal function for almost a century. Despite extensive studies, however, the cellular origins of the ERG components proximal to the receptors remain to be established.
Quite recently it has become possible to record intracellularly from the retinal cells with fine micropipettes (2, 22, 34, 39) , and thus the precise origins of the ERG components can now be investigated more directly.
Our views on the components of the ERG are based mainly on the classic studies of Granit (19, 20) . He analyzed the waveforms of the ERG into three components: an initial negative wave (PIII), which lasts the duration of the stimulus; an early transient positive wave (PII); and a late transient positive wave (PI) . Granit (19) named these components in order of their sensitivity to ether narcosis. These components interact to produce the a, b, and c waves, respectively, of the intact ERG (16).
PI (the c-wave) appears to originate in the pigment epithelium. Noel1 has shown that sodium iodate selectively abolishes the cwave as it destroys the pigment epithelial cells (27, 28) . Also, Brown and Diesel (10) have reported intracellular records obtained from pigment epithelial cells and these records show a c-wave of reversed (negative) polarity with respect to the extracellular c-wave. Although the available evidence indicates the pigment epithelium as the probable c-wave generator, < the functional sig-nificance of this Many vertebrates, lack a c-wave. The c-wave will not be considered in this paper. The cellular origin of PI1 (b-wave) has not been proven, but most workers have suggested that the b-wave generator lies in the inner nuclear layer. This idea was first suggested by Granit (20) and has since been supported by workers using micropipettes to record the intraretinal ERG (1, 4, 5, 13, 35) . Such studies of the intraretinal ERG have shown that the b-wave results from a radially oriented dipole, since the b-wave reverses polarity as the electrode advances from the vitreous to the deeper retinal layers?
While there is no good evidence regarding the specific cellular origin of the b-wave, results indicate that the b-wave is initiatedby membrane depolarization (as opposed to hyperpolarization).
Granit first concluded this, based on the sensitivity of the b-wave to KC1 and the general association of the b-wave with "excitation" (21). Some support for this idea has come from microelectrode studies (4, 13, 20, 35 ) that show the b-wave to be negative at the level where the radially oriented nerve elements receive their primary synaptic input.
In a recent study of the mudpuppy retina, Werblin and Dowling (39) have described the intracellular responses of the neuron types in that retina.
Only three types of neurons were found to depolarize in response to a flash of light and thus can be considered as possible b-wave generators.
These In general the larger animals (12 inches or more) tended to have an unusually viscous vitreous humor; this proved difficult to remove and sometimes interfered with our ability to penetrate the retina with microelectrodes.
Often the vitreous was viscous enough to cause bending of the microelectrode tip. This problem was less noticeable with the smaller animals, and they were generally preferred.
Animals selected for experimentation were decapitated and following removal of the eye, the cornea, iris, and lens were excised to expose the entire retina. Dissection was carried out under a dissecting microscope and dim illumination. Most of the vitreous was removed by absorption onto a small piece of tissue paper. The eyecup was placed on a small piece of Ringer-soaked cotton and mounted on a chlorided silver plate. The silver plate had a spherical impression that provided a snug fitting for the cotton surrounding the eyecup.
Microelectrodes were made from borosilicate glass tubing (1.0 mm od, 0.5 mm id) pulled on a modified Livingston puller (39). In the present series of experiments all but a few records were obtained using dye-filled electrodes. The electrodes were filled in either of two ways. In one method, the electrodes were immersed in dye and boiled at 80 C under reduced pressure. The second method used was to pull electrodes using glass tubing which had a small bundle of fiber glass fibers threaded through the lumen. Electrodes pulled in this manner were easily filled by injecting the dye into the nontapered end; the dye diffused to the tip within 5 min. Electrodes filled by either method had resistances of 100 to 200 megohms measured in Ringer.
Electrodes selected for use were mounted in an electrode holder filled with the dye solution. A chlorided silver wire contacted the solution and was led to a switch box. The switch box was mechanically isolated from the preparation; it allowed the introduction of two different current sources to the microelectrode.
In the normal position the microelectrode was connected to a cathode follower, the output of which was fed to one beam of a Tektronix 502A oscilloscope. A second switch position shunted the microelectrode by a bridge that provided current pulses of 5-20 na. A third switch position disconnected the microelectrode from the cathode follower and connected it to a larger current source, a 400-v supply passed through a 1 00-megohm current-limiting resistor. This method of current passing has been described previously (39).
To record the gross ERG we used a Ringersoaked cotton wick sealed in a small tapered glass tube lowered into the eyecup until it contacted the vitreous. A chlorided silver wire contacted the cotton wick, and the light-induced potentials were recorded between the vitreous and the grounded silver plate. The signals were amplified and displayed on one beam of a 502A Tektronix oscilloscope. All recordings shown are d-c recordings, except when noted.
Usually, ERG recordings and Miiller cell recordings were not obtained simultaneously.
The eyecup of mudpuppy is small (less than 4 mm in diam) and it proved desirable to explore the entire retinal surface with micropipettes without interference from the larger wick electrode. Furthermore, the ERG of mudpuppy is comparatively uniform among animals, if they are in good condition and provided the experiment does not last longer than about 2 hr. In some preparations we measured the gross ERG first and then removed the gross electrode to begin retinal penetrations with microelectrodes. In many instances, however, microelectrode penetrations were initiated immediately after dissection and gross ERG records were not obtained. Fig. 3 shows a section at right angles to the plane of the infoldings; the orientation of the infolding-s in the main portion of Fig. 3 is about parallel with the section. The junctional complexes at the level of the external limiting membrane are seen clearly in the inset of Fig. 3 and at high magnification in Fig. 4 . Two types of junctional complexes are observed. Between Miiller cell processes, the complex consists of an area of close membrane apposition surrounded by an "adhering zonule" (18, 25) (Fig. 4, a and b u-c, X 58,200; d, X 54,600. there are tiny areas along the adhering zonule where the extracellular space is significantly narrowed. These spots are usually not as closely spaced along the zonule as in Fig. 4c , which illustrates these spots well. Similar zones are seen in the published micrographs of the toad retina (25).
In the mudpuppy retina, Landolt club processes extend from many of the bipolar cells to the external limiting membrane (15). Junctional complexes are observed between Miiller cell processes and Landolt club processes and these are similar to the complexes between Miiller cell processes and receptor cell inner segments (Fig. 4~) . Figure 5 shows Miiller cells and their relation to adjoining elements in the inner nuclear layer and inner plexiform layer. (Fig. 6, insert) . plasm in the outer plexiform layer. Although it is difficult to decide from the photograph, observation of the tissue under the light microscope indicates the stain is in Miiller cell cytoplasm. A filament of dye is seen extending between receptor nuclei toward the external limiting membrane. In this example no staining appears in any neuron. Figure SC shows a small amount of dye, deposited just at the level of the internal limiting membrane. The stain must be in Miiller cell cytoplasm since the Miiller cell is the only retinal cell that approximates the internal limiting membrane.
Thus the Niagara sky blue technique was useful in demonstrating that similar intracellular potentials were recorded from a wide range of retinal depths and this confirmed our micrometer measurements of relative electrode position.
However, the technique as employed did not stain the entire cell and furthermore sometimes caused cell disruption, forcing dye into adjacent structures.
The problems of using Niagara sky blue were eliminated with a second staining technique, which resulted in more complete staining of Mtiller cells (see METHODS http://jn.physiology.org/ Downloaded from ure 9 shows one result when using a micropipette filled with Niagara sky blue, Procion yellow, and methyl blue.3 In this experiment small (lo-20 na) current pulses were applied while monitoring the cell's response to light. Unfortunately, the cell was lost after about 45 set of dye ejection and we were unable to stain the cell entirely. However, enough dye was passed to show considerable detail of the Miiller cell; it has been stained from the internal limiting membrane.to the outer nuclear layer. Three different focal planes of the cell are shown in Fig. 9 , and also a reconstruction of the cell drawn by observing the tissue under high-power light microscopy.
Intracellular responses
About 100 eyes were used in the present series of experiments and about 30 stable intracellular records were obtained from Miiller cells. Initially, intracellular records were obtained with very fine micropipettes (200-megohm resistance in Ringer) and staining with these pipettes showed that Miiller cell responses were obtained from a wide range of retinal depths. However, the very fine pipettes also readily penetrated neurons, and the ratio of neuron to Miiller cell recordings was very high. Better results were obtained by using somewhat larger micropipettes (ca. IOO-megohm resistance); these reduced the number of neuronal recordings and also restricted the retinal depth at which Miiller cell records were obtained. With the larger pipettes Miiller cell responses were most commonly seen immediately after penetrating the internal limiting membrane. This is consistent with the anatomy of the Miiller cells (see above), which broaden near the inner limiting membrane and present a face to a pipette that may be 30401~ in diameter. Penetration of a Miiller cell was always accompanied by a rapid negative d-c shift of the recording trace. The extent of the d-c shift 3 Although the dye mixture contained Procion yellow, observation under the fluoresence microscope did not show good fluorescence.
It is possible that the presence of the blue dyes "blocked" the ability of Procion yellow to fluoresce. Observation of the sections under the light microscope showed dark stain (probably mainly methyl blue) throughQut much of the cell (Fig. 9) .
was quite variable; in many instances it could not be measured, but in those we were able to measure it ranged from about 20 to 85 mv (negative). Equally as variable as the d-c shift were the amplitudes of the Mtiller cell responses, which varied from about 2 to 15 mv. Light-induced Miiller cell responses were always positive-going (depolarizing) and no evidence of negativity (hyperpolarization) was ever observed regardless of stimulus intensity. 11.
Intensity-response curves for the Muller cell and b-wave shown in Fig. 10 . The b-wave amplitude was measured from the a-wave peak to the b-wave peak. Both the b-wave and the Miiller cell response amplitudes are similarly related to log I over the 5 log units of intensity tested.
similar, although there are some differences. "saturate," particularly at higher intensities, was a common observation although, as pointed out below, it is comparatively exaggerated in the lower trace of Fig. 10 . However, comparing the ERGS of Fig. 10 , it is also evident that the b-wave tends to remain above the base line, and this too becomes more exaggerated with light flashes of increasing intensity. Figure  11 shows the amplitude-intensity curves for the traces of Fig. 10 
